Identification of Streptococcus pneumoniae in the nasopharynx is critical for an understanding of transmission, estimates of vaccine efficacy, and possible replacement disease. Conventional nasopharyngeal swab (NPS) culture and serotyping (the WHO protocol) is likely to underestimate multiple-serotype carriage. We compared the WHO protocol with methods aimed at improving cocolonization detection. One hundred twenty-five NPSs from an infant pneumococcal-carriage study, containing >1 serotype by WHO culture, were recultured in duplicate. A sweep of colonies from one plate culture was serotyped by latex agglutination. DNA extracted from the second plate was analyzed by S. pneumoniae molecular-serotyping microarray. Multiple serotypes were detected in 11.2% of the swabs by WHO culture, 43.2% by sweep serotyping, and 48.8% by microarray. Sweep and microarray were more likely to detect multiple serotypes than WHO culture (P < 0.0001). Cocolonization detection rates were similar between microarray and sweep, but the microarray identified the greatest number of serotypes. A common serogroup type was identified in 95.2% of swabs by all methods. WHO methodology significantly underestimates multiple-serotype carriage compared to these alternate methods. Sweep serotyping is cost-effective and field deployable but may fail to detect serotypes at low abundance, whereas microarray serotyping is more costly and technology dependent but may detect these additional minor carried serotypes.
Identification of Streptococcus pneumoniae in the nasopharynx is critical for an understanding of transmission, estimates of vaccine efficacy, and possible replacement disease. Conventional nasopharyngeal swab (NPS) culture and serotyping (the WHO protocol) is likely to underestimate multiple-serotype carriage. We compared the WHO protocol with methods aimed at improving cocolonization detection. One hundred twenty-five NPSs from an infant pneumococcal-carriage study, containing >1 serotype by WHO culture, were recultured in duplicate. A sweep of colonies from one plate culture was serotyped by latex agglutination. DNA extracted from the second plate was analyzed by S. pneumoniae molecular-serotyping microarray. Multiple serotypes were detected in 11.2% of the swabs by WHO culture, 43.2% by sweep serotyping, and 48.8% by microarray. Sweep and microarray were more likely to detect multiple serotypes than WHO culture (P < 0.0001). Cocolonization detection rates were similar between microarray and sweep, but the microarray identified the greatest number of serotypes. A common serogroup type was identified in 95.2% of swabs by all methods. WHO methodology significantly underestimates multiple-serotype carriage compared to these alternate methods. Sweep serotyping is cost-effective and field deployable but may fail to detect serotypes at low abundance, whereas microarray serotyping is more costly and technology dependent but may detect these additional minor carried serotypes.
Streptococcus pneumoniae remains one of the most important bacterial pathogens globally (23) . The introduction of pneumococcal conjugate vaccines has resulted in a profound reduction in invasive pneumococcal disease (IPD) caused by serotypes covered by the vaccines, but increases in the numbers of cases due to nonvaccine serotypes have been observed (25) . Conjugate vaccines have also been shown to prevent nasopharyngeal carriage of the vaccine serotypes, although an increase in the carriage of nonvaccine serotypes has also been documented (20) . To plan future vaccine strategy, there is a need to better understand the dynamics of pneumococcal colonization of the nasopharynx (a critical early step in the pathogenesis of IPD [3] ), particularly in relation to carriage of, and competition between, multiple serotypes. Nonvaccine serotypes carried at low density may become important disease-causing serotypes once vaccine serotypes are removed from, or suppressed within, the nasopharyngeal niche (18) . Longitudinal studies of pneumococcal colonization allow detailed exploration of carriage dynamics (7, 10, 12, 15) , but standard approaches based on agar plate culture and conventional serotyping techniques may not be optimal for the detection of multiple-serotype carriage (22) . Gratten et al. serotyped up to six colonies from nasal-swab culture plates and found multiple-serotype carriage in 29.5% of Papua New Guinean children (9) . They went on to serotype at least 50 colonies from 10 selected nasal-swab cultures and concluded that the minor carried serotype accounted for 4 to 27% of the total pneumococcal population. A review of published data on multiple carriage concluded that, to detect a minor carried serotype, it would be necessary to serotype at least five colonies to have a 95% chance of detecting the serotype if it accounted for 50% of the total pneumococcal population, and one would need to examine 299 colonies if the serotype was present at a relative abundance of 1% (14) . This approach would clearly not be cost-or time effective using conventional Quellung serotyping. Several alternative approaches have been described for the detection of multipleserotype carriage. Researchers in The Gambia have developed a latex agglutination technique in which colonies from the primary culture plate are suspended in saline and serotyped by latex agglutination. Using this extremely cost-effective method, up to 10.4% of pneumococcal acquisitions were found to be of multiple serotypes in a longitudinal infant cohort study (12) . However, there are no published studies comparing this technique with conventional pneumococcal-serotyping methodologies for detection of multiple-serotype colonization. Several other methods have demonstrated increased detection of multiple carriage compared to standard culture, including swab enrichment culture followed by either Quellung typing (16) or multiplex PCR (8) from the broth, immunoblotting (4) or multiplex PCR (26) from the primary culture plate, multiplex PCR direct from the nasopharyngeal swab-skim milk-tryp-tone-glucose-glycerol (NPS-STGG) transport medium specimen (2), pneumolysin noncoding region (plyNCR) PCR followed by terminal restriction fragment length polymorphism (RFLP) direct from the swab (6), and microarray-based detection and serotyping (5, 13) . However, in general, these methods are either expensive, time-consuming, limited in the number of serotypes detected, or a combination of these factors, and therefore are not well suited for use in large-scale carriage studies, particularly those carried out in less developed countries, where there is the largest burden of pneumococcal disease (23) .
The objectives for this study were first to determine the amount by which the standard culture method for detection of pneumococcal nasopharyngeal carriage underestimates cocolonization by multiple serotypes and, secondly, to assess the utility of the two alternate methods, one molecular (for reference laboratory use) and the other culture based (for field laboratory use), for detection of pneumococcal cocolonization in an infant carriage study.
(This work was presented in part at the 7th International Symposium on Pneumococci and Pneumococcal Diseases, March 2010, abstract 292.)
MATERIALS AND METHODS
NPSs collected during a longitudinal infant pneumococcal-carriage study were used in the current work. In this cohort, 965 Burmese/Karen refugee infants, born in Maela camp on the Thailand-Myanmar border between October 2007 and November 2008, were followed from birth to 24 months of age. NPSs were obtained from each infant at monthly intervals throughout the follow-up period. The study infants received WHO Expanded Program on Immunisation (EPI) immunizations, but pneumococcal conjugate vaccines were not available during the study period. Maela camp is a crowded refugee camp: approximately 40,000 people inhabit an area of 4 km 2 . Respiratory infections are a common cause of morbidity and mortality in this population: interim data from the infant cohort described in this paper found the incidence of clinical pneumonia to be 0.75 episodes per child-year in the first year of life (29) .
Detection of pneumococcal colonization by the WHO culture protocol. Swabs were collected and processed according to the current WHO pneumococcalcarriage detection protocol (22) . Briefly, a Dacron-tipped nasopharyngeal swab (Medical Wire and Equipment, Corsham, United Kingdom) was inserted into the nasopharynx, rotated 180°, and removed. Using sterile scissors, the tip was cut off into a 2-ml cryovial (Simport, Beloeil, Quebec, Canada) containing 1 ml STGG transport medium. The NPS-STGG specimens were transported to the laboratory in a cool box, frozen at Ϫ80°C on the day of collection, and subsequently cultured in batches. Ten microliters of fully thawed STGG was streaked onto Columbia CNA agar with 5% sheep blood (bioMérieux, Marcy l'Etoile, France), and the plates were incubated overnight at 36°C in 5% CO 2 . Two alpha-hemolytic colonies, or more if clear morphological variation was observed, were subsequently subcultured onto sheep blood agar (Clinical Diagnostics, Bangkok, Thailand). S. pneumoniae was identified by colonial morphology and 5-g (6-mm) optochin disc susceptibility (Oxoid, Basingstoke, United Kingdom). Suspected pneumococcal isolates with an intermediate optochin disc zone diameter (7 to 13 mm) were tested for bile solubility to confirm identity (27) . Where colonial morphology and the optochin zone were identical in both subcultured colonies, only one of the isolates was serotyped. If any variation was seen, all isolates were serotyped. Serotyping was performed by latex agglutination (1, 17) , and equivocal results were confirmed by Quellung serotyping (28) . Nontypeable (NT) pneumococci were provisionally identified when weak agglutination with pool B and serogroup 19 latex antisera, but no agglutination with group 19 factor antisera (19b, 19c, and 19f; 7h), was observed (Shoklo Malaria Research Unit [SMRU], unpublished data). These isolates were confirmed as NT pneumococci by bile solubility and demonstration of the absence of capsular swelling with Omniserum (SSI Diagnostica, Copenhagen, Denmark).
Detection of pneumococcal colonization by sweep serotyping or microarray. One hundred twenty-five NPS-STGG specimens known to contain at least one pneumococcal serotype by the WHO culture method were selected from the entire swab collection. Laboratory personnel were blinded to the original WHO culture result.
The specimens were thawed and mixed, and 10-l aliquots of STGG were recultured on two CNA-blood agar plates. Both plates were incubated overnight at 36°C in 5% CO 2 . Growth was assessed after overnight culture, and those with growth only in the primary streak were reincubated for a further 24 h. If growth was still poor at 48 h, the specimen was recultured using 50-l aliquots of STGG. The entire growth from each plate was removed using a sterile cotton swab (Medical Wire and Equipment, Corsham, United Kingdom) and suspended in aliquots of sterile saline. The first aliquot (0.5 to 2 ml saline adjusted to an organism density of 0.5 McFarland standard) was used for sweep serotyping, and genomic DNA was extracted from the second aliquot using a Gram-positive bacterium protocol (QIAamp minikit; Qiagen, Hilden, Germany). Briefly, the organism suspension was centrifuged to pellet the bacteria; this pellet was resuspended in 180 l of an enzyme lysis solution (20 mg/ml lysozyme, 20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 1.2% Triton) and incubated at 37°C for 30 min. Qiagen buffer AL (200 l) and 20 l proteinase K were added, and the mixture was incubated for 30 min at 56°C, followed by 15 min at 95°C. Following these lysis steps, the standard manufacturer's extraction protocol was followed, and DNA was eluted into 200 l Qiagen buffer AE. The DNA extract was stored at Ϫ80°C prior to being tested by the Bacterial Microarray Group at St. George's, University of London, London, United Kingdom (BG@S; http://bugs.sgul .ac.uk).
Sweep serotyping by latex agglutination was performed on the saline suspension: the suspension was first tested with antiserum pools A to I, followed by all appropriate group, type, and factor antisera, as previously described (12) . NT pneumococci were provisionally identified by the latex agglutination reactions described previously.
Molecular serotyping was performed on the DNA extracts using the BG@S SP-CPS v1.4.0 microarray, and the output was analyzed using a Bayesian hierarchical model as described previously (5) . In addition to serotype detection, the array was used to determine the relative serotype proportions in specimens containing multiple serotypes (13) .
To confirm a single highly discrepant result, a swab in which sweep serotyping identified two serotypes but the microarray detected nine serotypes, intensive study of the NPS-STGG specimen by conventional culture and serotyping was undertaken. To ensure single colonies would be well separated, five 2-l aliquots of the thawed STGG were recultured onto CNA-blood agar plates and incubated overnight as described previously. A total of 300 randomly selected alphahemolytic colonies were subcultured onto plain blood agar plates (with an optochin disc) and subsequently serotyped by latex agglutination. Finally, sequential multiplex PCR was attempted on the DNA extract from this specimen culture to provide a second confirmatory molecular-serotyping result (24) .
Statistical analysis. Data were entered into an Access 2003 database (Microsoft, Redmond, WA) and systematically checked for errors. Statistical analyses were carried out using STATA 10.1 (StataCorp, College Station, TX). Continuous data (nonnormally distributed) were analyzed by the Wilcoxon matched-pairs signed-rank test, and proportions were compared by the chisquared test. Comparisons of multiple-serotype carriage detection by method were done using McNemar's test. Statistical significance was inferred from twosided P values of Յ0.05.
At the time of the study, it was not possible to resolve serotypes 6A and 6C using antisera; therefore, these serotypes were considered identical (and labeled 6A/C). In a small number of specimens, microarray testing identified multiple nontypeable pneumococci, based on variation of the cps locus components; however, they were considered to be a single serotype when methods were compared.
Study ethics. Written informed consent was obtained from the mothers of all infants prior to enrollment in the study. 
RESULTS
Swabs and study participants. One hundred twenty-five nasopharyngeal swabs from 42 infants, aged between 26 and 516 days, were included. Swabs from up to 12 different sampling time points per infant were examined.
Detection of multiple-serotype colonization. Multiple pneumococcal serotypes were identified in 14/125 (11.2%) NPSs by (Fig. 1) . The number of serotypes identified per swab ranged from one to nine, as summarized in Table 1 . Sweep serotyping detected significantly fewer serotypes per swab than the microarray (P ϭ 0.04), although this difference became nonsignificant (P ϭ 0.06) if a single outlying swab was excluded. In this particular swab, nine serotypes were identified by microarray but only two serotypes by sweep serotyping and by further examination of 300 discrete alpha-hemolytic colonies by conventional culture (246/300 colonies were identified as S. pneumoniae, and only these were serotyped), although multiplex PCR also indicated the presence of at least four serotypes, which included those identified by sweep serotyping plus others detected by microarray. In two instances, the sweep and microarray serotyping methods could not resolve a serogroup (i.e., could not serotype to the "type" level). By all three methods, a common six serotypes accounted for 56.9 to 60.0% of the total, but the rank order of these serotypes varied by method ( There was a nonsignificant trend in the proportion of PCV13 serotypes versus nonvaccine serotypes detected by the three methods: PCV13 serotypes accounted for 46.8% (WHO culture), 39.5% (sweep serotyping), and 38.3% (microarray serotyping) of all of the serotypes detected (P ϭ 0.25). Considering only the microarray data, in swabs where a single serotype was identified (i.e., completely "dominant"), the serotype was a PCV13 type in 35/64 (54.7%), but in swabs where multiple serotypes were detected, the "dominant" serotype was a PCV13 type in only 21/61 (34.4%; P ϭ 0.02). The ability of the microarray to determine the relative abundance of each sero- type allowed detailed exploration of the temporal flux of relative serotype levels in two representative infants, for whom a total of 24 swabs were examined (Fig. 2) . Serotype result agreement between detection methods. Overall, at least one common serotype was found by all three detection methods in 109/125 specimens (87.2%; 95% CI, 81.1 to 93.1%). Relaxing agreement to the serogroup type (SGT) level, there was at least one common SGT identified by all three methods in 119/125 specimens (95.2%; 95% CI, 91.4 to 99.0%) and SGT agreement between two of the three methods in the remaining six specimens.
In 44 specimens, a single pneumococcal serotype was identified by all three detection methods. In 42/44 (95.5%; 95% CI, 89.0 to 100%), all three methods identified the same serotype. In one swab, WHO and microarray both identified a type 9V pneumococcus, but sweep serotyping determined the serotype to be 9A. In the other noncongruent specimen, both WHO culture and sweep serotyping identified a nontypeable pneumococcus, but the microarray detected type 6B capsule genes.
Limits of detection of sweep serotyping and microarray. In order to assess the limits of the sweep serotyping assay, serial dilutions of overnight cultures of S. pneumoniae (six clinical isolates; serotypes 6A, 6B, 14, 19F, 19A, and 23F) were made in normal saline and serotyped using latex antisera as described previously. The organism density in the saline suspensions was determined by the plate count technique (21) . Reproducible serotype results could be obtained at organism densities of 10 7 to 10 8 CFU/ml (i.e., 0.5 McFarland standard). In vitro mixtures of these suspensions confirmed that, at an overall organism density of 0.5 McFarland standard (visual), serotypes present at Ն25% of the total pneumococcal population could be reliably detected by latex agglutination (data not shown).
In the 61 swabs in which multiple serotypes were detected by microarray, the relative proportion of the minority serotype (defined as the least abundant serotype detected) ranged from 1% to 46% (median, 7%; interquartile range [IQR], 3 to 14%) ( Table 3) . Microarray serotyping detected additional serotypes compared to sweep serotyping in 38 specimens; in 30/38 (78.9%), the predominant additional serotype detected was NT, and in 21/38 (55.3%), the only additional serotype was NT. In the 17/38 specimens in which the microarray detected additional typeable pneumococci, 9/17 (53.0%) serotypes were present at Ͻ10%, 5/17 (29.4%) were present at 10 to 19%, and only 3/17 (17.6%) were present at Ն20% of the total pneumococcal population.
DISCUSSION
We have demonstrated that culture and serotyping of nasopharyngeal-swab specimens using the current WHO protocol significantly underestimates the frequency of multiple pneumococcal serotype carriage. Sweep serotyping identified 1.4 times, and microarray 1.6 times, as many pneumococci as the standard culture method. These alternate methods also revealed greater diversity of carriage serotypes, reflected by the greater proportion of nonvaccine serotypes identified by each method. As expected, the microarray identified the largest number of carried serotypes and was able to detected minor serotypes present at very low relative abundance. The microarray data confirmed the previously described finding that the (9) . The ability of microarray and sweep serotyping to confidently document the frequency of nontypeable pneumococcal carriage is also useful, since these organisms are suspected of being an important reservoir of antimicrobial resistance, although they are, as yet, not an important cause of invasive disease (19) . Identification of nontypeable pneumococci can be problematic given the phenotypic and genetic similarities to closely related streptococcal species, such as Streptococcus mitis and Streptococcus pseudopneumoniae. However, characterization of 168 NT isolates from the study population by multilocus sequence typing (MLST) concluded that 162/168 (96%) could be assigned a sequence type, and only six isolates were found to be nonpneumococcal streptococci by multilocus sequence analysis (http: //www.emlsa.net; unpublished data). This result adds confidence to the finding of frequent NT pneumococcal detections in the current evaluation.
The agreement between the three methods, in terms of detection of a common serotype, was excellent, with at least one common SGT identified in 95.2% of swabs. The two discrepancies observed in 44 swabs in which a single serotype was identified by all methods were minor: a factor discrepancy (9A versus 9V) between methods in one and a potential nonexpressed capsule in the other (microarray identified 6B capsule genes, but both WHO and sweep found a nontypeable pneumococcus). A single result was unsatisfactory: a swab in which the microarray identified nine serotypes but sweep serotyping identified only two and WHO culture one serotype. This specimen was recultured, and 246 discrete pneumococcal colonies were individually serotyped by latex agglutination; the sweep serotyping result was confirmed by this approach, and additional serotypes were not encountered. In spite of this, the microarray result may well be correct and is supported to some extent by multiplex PCR results. It is likely that to detect several very low-abundance serotypes it would be necessary to serotype even more than the 300 colonies that were attempted here. Furthermore, the presence of conserved capsule polysaccharide genes in other non-alpha-hemolytic or optochin-resistant alpha-hemolytic Streptococcus spp. in the primary-plate DNA extract may have resulted in signal on the array, possibly considered a false positive but reflecting the total gene pool and capacity for capsule polysaccharide production in the sample.
The WHO culture method will detect the predominant serotype but statistically cannot be expected to detect low-abundance serotypes (14) . Increasing the number of colonies serotyped by random selection from the primary culture plate has been shown to improve detection of multiple colonization (11) , but the cost and time required for the additional serotyping renders this difficult to sustain in the setting of a large carriage study. These factors also limit the utility of immunoblotting or broth enrichment methods in such studies (4, 16) .
Sweep serotyping is cheap, quick, and technically straightforward and was not significantly inferior to the microarray method in detecting multiple-carriage episodes, although it was not efficient at detecting pneumococcal serotypes present at very low abundance, i.e., Ͻ25% of the total. Further work is planned to improve the detection of the minor carried type. If this can be improved, sweep serotyping may ultimately become a gold standard method for detection, but not relative quantitation, of multiple serotypes in nasopharyngeal samples.
Molecular techniques, especially when applied directly to the swab, reduce the cost and time of multiple-serotype detection compared to Quellung typing, but currently, multiplex PCR can detect only a limited number of serotypes and may therefore miss serotypes that are ultimately important for replacement disease after vaccination (3, 8, 24) . The significant advantages of the microarray method used in the current study are the ability to detect all known pneumococcal serotypes and to estimate their relative abundances in a mixed population. In the setting of a longitudinal carriage study, these additional data permit detailed observations of the interactions between pneumococcal serotypes and, indeed, between pneumococci and other bacterial or viral species over time.
Both sweep and microarray serotyping enable researchers to better interrogate nasopharyngeal-swab specimens with regard to detection of multiple pneumococcal serotype carriage. In the current study, the microarray was more sensitive than sweep serotyping and provided useful data regarding relative serotype abundance. However, microarray-based molecular serotyping is currently restricted to a small number of research laboratories, and the cost per test is relatively high, although additional simultaneous analyses can be conducted. Sweep serotyping is extremely cost-effective (10 l neat pneumococcal antiserum is used to produce 6 ml of latex reagent) and can be performed in any microbiology laboratory capable of serotyping S. pneumoniae by Quellung, which makes it a highly useful technique for pneumococcal-carriage studies, particularly in resource-poor settings.
